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Hydrogen-& sysem have been the subjea of nuInaws investigations becaw of tlieir 
potential applications such as hydrogcn separation mmnbranes and hydmgen storage alloys. As for the 
hydrogen separation mmbmes, paUadium mmbm rln: pMcipally 100% selective for hydrogen 
separation [I]. S t a n  reformen equipped with the Pd rmnbrans were developed and have been tested in 
Japan to produoe pure hydrogen from city gas [2 ] .  The performance of this type of mmbm reformer 
directly d e p e d  on hydrogen permeability of the i m n b m .  This has led us to develop the mnlbmnes 
with higher hydrogen permeability. 

@ne of the effective approaches to increrse the hydrogen permeability of the membranes is alloying. 
The alloying of Pd with silver is effective to enhance the hydrogen dissolution and thereby to in- the 
hydmgen permeability of the membrane [I] .  The Ag-alloying is also effective to depress the a-p miscibility 
gap to well below morn t e n p a t w e ,  although it lies below 300°C and pressurs below 20 atmosphere in Pd- 
H system Without Ag-alloying. The p phase has a considelably expded  lattice compared with the a phase; 
for example, a W d  ratio of 03 mhs in an expansion of about I070 by volum, which should cause 
nrchanical damages to the membranes after dissolutiodevolution cycles during the operation of the reformer. 

In the p m t  wok, we have applied ht-principles calculations to the study of hydrogen-metal 
interntiom in various metals aid alloys. Our goal is to develop the nmnbranes with highcr hydrogen 
permeability than the conventional PdAg alloys and m h a n i d  reliability under the practical opedng 
conditions. Our coinplnations have focused on the hrat of hydrogen dissolution and the hydrogen-induced 
Mce expansion mat should be correlated with the hydrogen permeability and he mechanical reliability. 

MATERIALS AND METHODS 

All calculations in this study were implenlented With the oxk CASEP [3]. In the calculations, 
the valence e l m n  abirals are expanded in plane waves, w k m  the core elecmns am desxibed by 
ultrasoft pseudopotentials. In the p m t  investigation we selected an energy cut-off of 380 eV. The 
energy functional consists of the gradienttcorrected locJl density approxidon. Ryrz 1 illusbats the 
periodic superoeU models for hydrogen occupation at interstitial sites in bcc (V. Nb, Ta, Cr, Mo and W) and 
fcc (Ni, Pd Ft Cu, Ag and Au) merals. The models consist of four nletal atoms and one hydrogen atom. 
The initial positions of mtal atoms and he initial values of lattice const3nts wee those from expelunental 
values of pun: metals. The initial position of the hydrogn atom was either the octahedral site (@-site) or the 
te!mhdral site (T-site). The final ge0meb-y was obtained when the calculated forces acting on the atonls and 
shrs on the supercell became smaller d m  the threshold values. To evaluate the relative expansion of the 
laaice induced by the inteszitial hydrogen, geomby optimivtions of the p a  mtals were also employed. 
The kat of hydmgen dissolution was calculated according to the following e x p i o n :  E &= E msl+iil - E ,I* 
- IRE,,,w~E,+,,,isthetotalenergyoftheoptimized~lforthehydrogen-~syszemE,,isof 
the pure metal, and E is of the hydrogen molecule. 7he optimized bond length of H-H bond of the 
hydmgen molecule was confumed to be nearly equal to the experimental value. 

RESULTS 

From the geometry optimization for the pure metals all o p t i d  fcc and bcc cells were nearly 
Ihe lattioe constants of the ophmized QUS are plotted Venus the experimental values in Figure 2. cubic. 
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The Osite occupanon for the bcc metals was mnfimKd not to be a stationaq point on the potedal megy 
Sluface (PES) except for V and Mo, whams the T-site occupon was found to be the sfationrnY point. As 
for the fcc mtals, both interstitial sires were m n f i  as the starionary point 

All optimized supercells for the hydrogen-metal system were found to expand in contpatison with 
for pure metals. TIK optimized fcc cells for both the 0 and T-site occupation maintained cubic. The 
average percentage of the lattice expansion for the 0 and T-site occupation was I .5% and 2.5%. respectively. 
The optimized bx cells, on the other hand, were distoned. The average percentage for the 0 and T-site 
occupation was 1.5% and I .7%, respecrively. Figure 3 shows the changes in the lattice consrants for Pd and 
Vas the representative of the fcc and tcc metals. The hydrogen occupation at the @site in V was found to 
induce the lanice expansion of about 4.7% in the diredim of the c-axis, in spite of small m d o n  of the 
lattice in the directions of the a- and baxis. In the case of Pd, the relationship between the lattice expansion 
and the hydrogen concentration was also examined. The models used in this examination were constlucted 

by adding hydrogen atoms ‘one by one’ to the on@ superoell model. 7he v o l m  of the optimized fcc 
cells (in &) was 59.82,62.I7,64.29,66.04 and 67.82 for wpd d o  of 0,0.25,0.5,0.75 and I, mpaively. 

R g u ~  4 shows E ,for the fcc nrtals. As for Ni and Pd, the Osite occupsplon was found to be 
more stable than the T-site occupation, whereas the T-site occupation was found to be more stable for PI, Cu, 
Ag and Au. Rg~ire 5 shows E ,for the bcc rrrtals. The T-site war suggded to he the Sable inlcdthl 
hydrogen site for all bx metals evaluated in hiis study. 

To study the effeds of alloying of Pd with Ag on the hydrogen solubility, E ,for PdAg d o y  was 
evaluated in the same manner. figure @a) illustrates the supemlls for the PdAg alloy. These models 
consist of three Pd atoms, one Ag atom and one hydrogen atom. There are two distinguishable Osire~ in 
these mmxkls; one is the cen ta  of the w M m n  consisting of four Pd atoms and two Ag atoms (O,-site), and 
the other is the center of the octahedron conskiing of six Pd atoms (Op-site). The calculated E , is shown in 
Figure G(b) in coirpariwn with lhat of the Osite occupation for the pure Pd. 7he value of I - E ,  I of the 0, 
site occupation was larger, whereas that of the 0;site occupation was smaller, than that of the Osite 

occupation for the pure Pd. 

DISCUSSION 

As for the optinlized lanice mnsmts for the pure mtals and the optimized bond length of H-H 
bond of h y m n  molecule, the a@eement between the calculations and the experiments is quite dsfadory. 
This suggests that the calculated value of the lanice constants of the hydrogen-& systems and the 
calculated relative expansion induced by the interstitial hydrogen are reliable. In this study we have 
esrimed the laaice expansion of pure Pd induced by the hydrogen occupation at the intemitial sites; for 
example, a HiPd d o  of 0.5 results in an expansion of 7.5% by volume. An expaimental d u e  
ColTeSponding to this estimation has been reported to be about 10% in the literahae [I]. We have also 
evaluated the lanice expansion of V. From the result shown in figure 3, the Osite occupation in V was 
found to indue the lanice expansion of 4.7% in the direction of the c-axis. 7his is qualitatively in line with the 
experimental fad dm the lattice is expanded in the d i d o n  of the c-axk about 10% [4]. 

Rgure 4 shows that the hydrogen mupanon at both interstitial sites was found IO be stable for the 
fcc metals. The Osite occupation is nmre sable than the T-site occupation for Ni and Pd. This suggests 

thar the Osite occupation should be o k ~ d  experimentally. As has been expeaed from the lesults, the 0- 
site occupation for Ni and Pd has been experimentally observed [45]. As for the other fcc nwals: Pt, Cu, Ag 
and Au, the T-site occupation is more stable than the Osite occupation. This suggests that the T-site 
occupation in these fcc metals should be experimentally observed although this has not been reported yet to 
the best of our knowledge. On the other hand, the T-site occupation is stable for the bcc W shown in 
Figure 5. As has been expeded from the results, the prefmnoe of T-site ouuption has already been 
reported for these bcc mtals [4,5]. As for V, the Osite m p o n ,  which d with the expansion of 
about 10% in the diredion of the c-axis, has been also reported [6]. This also agrees with the -1 
calculation result that the @site occupation in V is sable as well as the T-site mpa t ion  shown in figure 5 
and the Osite occupation induces the lattice expansion with the distortion show in figwe 3. 
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As the experimental heat of hydrogen diwlution (AN ploned on Figure 4 and Figure 5 were 
e,- by applying Sieverts’s law, the values may have large m r s  in high hydrogen concenhation (far 
from H/M = 0) ranges [7]. Nevertheless the calculated E qualidvely correlated with the experimental 
Af& Before tuming to a closer examination of the alloying of Pd with Ag, it is desirable to discuss the 
&viation of the calculated E from the experimental AH, for Pd. The deviation for Pd shown in Figure 4 is 
somewhat larger than that of V, Nb and Ta, which an exothermic for the hydrogen dissolution as well as Pd. 
The dependence of for Pd on hydrogen concentration has been expinantally studied in the previous 
litemhlre [4]. In this literamc, the experimental ka~ of hydrogen dissolution for Pd at Wpd = 0.25, which is 
qual to the WM mi0 of the calculated model shown in Figure I ,  have heen lepned as blow -20 kl/mol. 
The deviation of E from the experimental value d u d  by the cornion for the hydrogen concentration. 
The calculated E ~ is believed to be reliable enough to diauss the qualitative differem in the heat of 
hydrogen dissolution. 

The hydrogen pemmbiiity of nx3aLs is proponional to their solubility and diffusion coefficient of 
hydrogen. Since the hydrogen solubility inrrerses with -AH, increasing of -Af!, is effective to improve the 
hydrogen permeability. It has been reported that the high hydrogen solubility in PdAg alloys leads to high 
pemeabii in the 20 to 25% Ag range [I]. According to this literature [I], about I SO mg of hydrogen can 
dissolve in 1% of the WAg alloys at I atmosphere and 183°C. This WM ratio is below 0.25. As the 
hydrogen dissolution in PdAg alloys is exothermic, the WM d o  decreavs with the incrpase in temperarure. 
7he refomrs are usually opented above 500°C [2] ,  then the hydrogen diffusion membranes lllade of 
the PdAg alloys have hydrogen of the WM rario below 0.25. The simple calculation mcdels for 27% Ag - 
Pd shown in Figure @a) have threeO,-siteS and one %-site. S i  the %-site occupation has been found to 
be more sable than the O&e occupation in the present szudy, hydrogen is suggested to occupy only the 0, 
sites below 0.25 of the WM d o .  As shown in Figure qb), the -A/j for the %-site occupation is h e r  than 
that for the 0-site occupation for in pure Pd. In this way, it suggests that the -Mt of the PdAg alloys is 
geater than that of the pure Pd in the low hydrogen concentration ranges. This is the =on for the high 
hydrogen solubility in the PdAg alloys in h e  highex tenlpuahues and contributes to high pemwbity. 
Hydrogen begins to occupy the O,-sites With the inaease in the H/M d o .  As shown in Figure qb), the - 
Afl  for the 0,-site crcuption is smaller than that for the OBsite occupation as well as for the Osite 
occupation for in pur- Pd. 7his is the mechanism for the d e w i o n  of the hydrogen dissolution at lower 
te-. 

CONCLUSIONS 

Interactions between v ~ o u s  metals and hydrogen have been studied by using a periodic density 
fistioid tliei~iy at a ge~ral izzj gradient approximation. Gcomcny optimivtions were clnied wt for 
lattice consrants of various metal-hydrogen systems as well as for stable sites of intemitial hydrogen. Both 
teuahectral site (4coordinated sites) hydrogen and octahednl site 6-coorinated sites) hydrogen was found to 
be &le and to induce lamice expandon. Reported expe&ntal heat of hydrogen dissolution has been well 
r e p d u d  from the calculated total energies. Similar estimations wele carried out for PdAg alloys that are 
used as hydrogen petmeable membranes in hydrogen production. The theomid calculations suggested 
that Ag-alloying enhance hydrogen dissolution in Pd. These can explain fairly well the inmad hydrogen 
permeabiilay by alloying Ag into Pd. 
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Figure 1. Periodic supercell iiiudels for hydrogen occupation at interstitial sites in bcc and 
fcc metals. Closed circles: Hydrogen; Open circles: Metal. 
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Figure 3. Relative expansion of the lattice constants by the interstitial hydrogen. (a) Pd, (b) V, 
Closed bars: T-site occupation; Open bars: 0-site occupation. 

927 



80 I 0 0-site n I  

80 

h 

40 
5 s 
w" 
I o  

-40 

-40 

~ 

0 0-site 

-A- AH, 

I I 

Ni Pd Pt Cu Ag Au ' 

Metal 

Figure 4. Calculated E,,,, for vaious fcc metals in comparison with experimental AHs. 

Figure 5. Calculated E,,,,, for vaious bcc metals in comparison with experimental AHs . 
The 0-site occupation is not stable for Nb, Ta, Cr and W. 
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Figure 6. Relative expansion of the lattice constants by the interstitial hydrogen. 
(a) Interstitial 0-sites in the PdAg alloy model, shaded circles: Ag, (b) calculated Edisr 
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